Since 1940 there have appeared several reports on neuromuscular lesions in adult rats in experimental vitamin-E deficiency. It is apparent that side by side with changing concepts of vitamin E and the effects of its deficiency in general, a considerable change in the evaluation of the neuromuscular lesions in particular has taken place.
Since the occurrence of neural lesions in experimental vitamin-E deficiency has been seriously doubted, and the earlier work of Einarson and Ringsted (1938) on this subject has been strongly criticized by some leading authorities on vitamin E, I have found it absolutely necessary to reinvestigate the matter, with special reference to the changes of the nerve cells, in particular the cell change I have called " cellular lipodystrophy ". Two of my recent works on this subject have already been published (Einarson, 1952a and b) , and the present paper is the third in the new series. Ringsted (1935) reported certain neuromuscular disturbances in adult rats that had been kept on a vitamin-E deficient diet for a long period (months). This observation formed the basis of our comprehensive investigation of the whole neuromuscular syndrome and its pathogenesis, and three years later we published our monograph on the effect of chronic vitamin-E deficiency on the nervous system and the skeletal musculature in adult rats (Einarson and Ringsted, 1938) . In the following years this publication was supplemented by some brief papers on the subject (Ringsted and Einarson, 1939; Einarson and Ringsted, 1939 ; Einarson, 1941) , and the problem has been further dealt with in some of my later work on the structural changes of nerve cells (Einarson, 1945; Einarson and Lorentzen, 1946; Einarson, 1949) .
A very conspicuous and important feature of the histological changes in vitamin E-deficient adult rats is the regular occurrence of peculiar lipoid products in the nervous system, as originally reported and illustrated by Einarson and Ringsted (1938) . These products are insoluble in alcohol, stain reddishorange with fat stains, and give an intense orthochromatic colour (e.g., a pure blue or green) with basic aniline dyes, but they are left completely unstained by gallocyanin-chromalum (Einarson and Ringsted, 1938; Einarson, 1941 Einarson, , 1949 Einarson, , 1952 . The facts, to be demonstrated in this paper, that the products in question are also fluorescent on ultraviolet irradiation and acid-fast when stained by carbol fuchsin add some additional important characteristics.
The products mentioned are regularly absent in normal rats or controls receiving protective doses of vitamin E. This paper will deal mainly with the structural appearance and distribution of these fluorescent, acid-fast deposits in the nervous system and skeletal muscles of vitamin E-deficient adult rats. However, I find it appropriate first to give a brief account of the clinical symptoms displayed by the rats.
The Clinical Picture The clinical picture bears the unmistakable stamp of a neuropathic syndrome including hyperkinesia, tremors, some transient muscular rigidity, increasing hypaesthesia and hypalgesia, prominent ataxia and dysmetria, progressive paralyses and muscular atrophies which, in the final stage, show a marked symmetrical distribution. Finally the animals become exhausted and mentally very slow or sluggish.
Also there occurs a symmetrical loss of hair and other trophic disturbances in the skin (atrophy and ulcerations), and finally a lowered circulation in the front and hind paws, the skin becoming cooler than usual and cyanotic. Incontinence of the bladder develops in most of the animals.
In our detailed description of the clinical picture we divided its development into four stages, but it 98 NEUROMUSCULAR LESIONS IN VITAMIN E-DEFICIENT RATS will not be further described in this paper. I shall merely add that the whole syndrome is an extremely chronic one. Its onset is insidious after many months on the experimental diet, and it proceeds very slowly ; from its first appearance it takes six to 15 months to develop completely. The neuromuscular disturbances mostly begin caudally and progress towards the head, affecting the front and hind legs and hind quarters in a remarkably symmetrical manner. The mentality and general thriving of the animals are not essentially affected until the end of the third or the beginning of the fourth stages. Very small daily doses of vitamin E will prevent the appearance of the disease, but even large doses fail to cure manifest disturbances, and vitamin E arrests the development of the disturbances only if given very early in the disease.
The whole clinical picture as summarized above deviates rather sharply from the paralysis in the young suckling rats described by Evans and Burr (1928) , or the nutritional muscular dystrophy in guinea-pigs and rabbits reported by Goettsch and Pappenheimer (1931) ; both these are conditions of primary myopathy probably without neural lesions. In the sucklings the paralysis has an acute onset appearing as a sudden calamity towards the end of the lactation period, on about the twentieth to the twenty-fifth day of life, affecting mainly the musculature of the body wall and the posterior extremities in a diffuse manner. Some of the paralyzed sucklings recover spontaneousl-y and completely, others recover with permanent paralyses, and others die without any premonitory symptoms. In the guineapigs and rabbits the disease also has an acute onset and a comparatively rapid course, the result being widely distributed changes of a severe muscular dystrophy, a condition cured by vitamin E. We have repeatedly emphasized these differences from the clinical syndrome in the adult rats. Besides the clinical difference, the deviations of the muscle changes in the suckling rats, the guinea-pigs, and rabbits from the picture of the muscle changes in the adult rats have been clearly emphasized by Demole (1939) , Demole and Pfaltz (1940) , and Mackenzie, Mackenzie, and McCollum (1940) .
Thus, the clinical picture displayed by adult and old rats that have been kept on a vitamin-E deficient diet for a long time is by no means confined to the symptoms and course of a simple or uncomplicated myopathy, although it includes some essential myogenic lesions (phase II). On the contrary it bears the unmistakable stamp of disturbances of the nervous system, and, in my opinion, the completely negative response to vitamin-E therapy clearly demonstrates that early, irreversible neural lesions must be involved in the disease. As a matter of fact my histological examinations have again confirmed this point of view so as to leave no room for doubt.
Before giving an account of the histological changes, in particular the structural appearance of the fluorescent, acid-fast deposits mentioned above, I must preface some remarks on technique.
Technique For the demonstration of fluorescent substances the large fluorescence apparatus ' lux U.V." of Reichert was used. The source of light is the lux U.V. mercury high pressure burner, and the equipment of light filters consists of the well known Reichert combination, i.e., a chamber with copper sulphate solution as a red blocking filter, two ultra-violet filters (nos. 8079 and 8080), and a matt-white filter (no. 8078) for microscopy with the usual visible light.
The material was fixed in formalin or formalin vapour and either examined as frozen sections mounted in water or glycerine, or it was embedded in paraffin and the sections mounted in non-fluorescent immersion oil (Reichert), or in pure liquid paraffin which does not cause any disturbing fluorescence even after prolonged irradiation. In every case the sections were mounted on Reichert's non-fluorescent slides (U.V.-glass), which the filtered ultra-violet light easily penetrates.
It is noteworthy that before examining the sections in the fluorescence apparatus they may be stained with gallocyanin-chromalum (pH 164) if wanted, since this staining, in spite of the chromalum in the solution, weakens only to a minimum degree the primary fluorescence of the deposits. Of course the sections must be thoroughly washed in water before examination in the fluorescence apparatus. This makes it possible to examine the same nerve cell and compare its structural changes alternately in ultra-violet and visible light (Figs. 3, 6, 7) . In thicker sections (10-20 u) the stained Nissl substance may partly conceal the fluorescent deposits, but otherwise the gallocyanin-chromalum staining does not essentially interfere with the fluorescence of these deposits. This circumstance once again demonstrates the high degree of selectivity of the gallocyanin-chromalum staining. By any other of the usually applied staining methods for basophilic cell structures (e.g., the various haematoxylin methods, basic aniline dyes) the primary fluorescence of the products in question is totally lost.
For the demonstration of acid fastness the following procedure was adopted -(1) Staining of paraffin sections in Ziehl-Neelsen's carbol fuchsin for two hours at 60°C. followed by washing in water; (2) decolorization in 30% hydrochloric acid-alcohol (i.e., 3 ml. concentrated (37-5%') HCI to 97 ml. 70°h alcohol) for 15 minutes to one hour; (3) The Neuromuscular Lesions The picture of the histological changes of the vitamin E-deficient adult rats clearly discloses the fact that the disease is due to a combination of neurogenic and myogenic lesions as originally maintained by Einarson and Ringsted (1938, 1939) . The muscle changes in particular consist in a late atrophy of spinal origin superimposed on an early muscular dystrophy. The whole complex of neuromuscular lesions in adult rats may be subdivided into the following separate phases according to the site and sequence of their development, although some overlapping in time naturally takes place.
Phase I.-In phase I there is degeneration of the dorsal roots and posterior fasciculi of the spinal cord. As a rule, the process begins in the lumbosacral part of the spinal cord, and gradually progressing towards the head it often involves the cervical segments and even extends into the medulla oblongata. At the lumbosacral levels the entire posterior funiculus is mostly involved, while the lesion, when traced in the direction of the head, gradually becomes more restricted to the fasciculus gracilis, sometimes extending as far as the nucleus gracilis.
Histologically the changes consist of a distinct demyelinization and subsequent fragmentation and reduction of axons. The glial reactions are usually somewhat variable. Mostly, there is a rather marked increase in glial fibres in the demyelinized areas, within which scattered hypertrophic astrocytes are visible. Sometimes the demyelinized areas show a somewhat porous, spongy appearance traversed by the meshwork of glial fibres. As a rule, the histological changes are most marked in the fasciculus gracilis. Numerous scavenger cells, containing abundant normal lipoid breakdown products, staining a brilliant red with scarlet R, are seen, and the peculiar deposits insoluble in alcohol, showing marked affinity for basic aniline dyes and staining reddish-orange with scarlet R, are very characteristic. These products are also characterized by their acid fastness when stained by Ziehl-Neelsen's carbol fuchsin according to the procedure described above, and by their bright yellow primary fluorescence on ultra-violet irradiation. These products occur in gliogenous scavenger cells and other phagocytes, in or about astrocytes and oligodendrocytes, and in the walls of the blood vessels within the degenerated areas. They are invariably most abundant and closely packed in the fasciculus gracilis just where the degeneration is most marked (Figs. A and B) .
Phase II.-In phase IL there is myogenic atrophy of the skeletal muscles, especially pronounced in the hind legs and hind quarters. It begins, as a rule, in the adductors of the thigh, progressively involving more muscles of the posterior extremities as well as the muscles of the hip joint, the lumbar and abdominal regions. Sometimes the anterior extremities are also involved to some extent.
Histologically the muscle changes resemble those of progressive muscular dystrophy. The atrophy is diffuse, with normal, atrophic, and some hypertrophic muscle fibres being irregularly scattered between each other. Migration of nuclei into the muscle fibres is frequently observed, and in longitudinal sections long rows of such nuclei may be seen lying centrally in the muscle fibres. Longitudinal splitting is a constant phenomenon, and hypertrophic muscle fibres may be seen split up into several smaller fibres of varying size. Further, there is a globular fragmentation and disintegration of individual muscle fibres with an increase in hyperchromatic and pyknotic nuclei. Also fibres rich in sarcoplasm, showing signs of vacuolar degeneration, may be seen. Even at this stage of the disease the acid-fast fluorescent products are invariably present in the muscles, first practically confined to the endomysium in which many histiocytes may be filled with them. Later, as they gradually increase in number, they may also be seen lying inside the muscle fibres themselves (Figs. 1 and 2). Sometimes there is an increase of interstitial connective tissue and fat. These dystrophic changes develop rather slowly and mildly compared with the acute, severe, and histologically different muscle changes of the young suckling rats or the guinea-pigs and rabbits.
Thus, dystrophic muscle changes appear at the end of the first or early in the second clinical stage before any changes of the anterior horn cells can be seen. Phase II proceeds by degrees to the next phase (Einarson and Ringsted, 1939 Phase IV.-In phase IV there is swelling and fragmentation of myelin sheaths in the sciatic nerves, with deposits of fluorescent acid-fast lipoproteins in swollen Schwann cells, and particularly in histiocytes of the endoneurium (Fig. 8) with these products may always be seen, and besides the more severely changed cells a great number contain a trace of the fluorescent acid-fast substance. Thus, " cellular lipodystrophy " is a widely distributed cell change in the cerebrum of the vitamin E-deficient adult rats.
Phase VI.-The late appearance of cell changes in the cerebellum is not distinctly visible until the final stage of the disease. Although the number of strongly chromophilic Purkinje cells seems to be increased compared with the normal, it is the occurrence of the lipoprotein inclusions that constitutes the most conspicuous feature of the changes. It is remarkable how the fluorescent acid-fast products finally appear in the cytoplasm of such decidedly " lipophobic" nerve cells as the Purkinje cells (Fig. 11) . Also, they may be observed in the granular layer and in or about glial cells of the molecular layer, as well as round the blood vessels anid in the central nuclei.
In the Purkinje cells the fluorescent acid-fast products are especially situated at the place of origin of the main apical dendrite from the cell body, often reaching down to the nuclear membrane and replacing more or less the basophilic nuclear cap. Sometimes they occupy a considerable portion of the cytoplasm of a Purkinje cell, even surrounding the whole nucleus. However, in each individual Purkinje cell we are mostly dealing with a comparatively small amount of fluorescent acid-fast substance, and, in consideration of the decidedly these characteristic deposits, the phenomenon must be said to be extensively distributed in the cerebellar cortex.
Discussion The results originally reported by Einarson and Ringsted (1938, 1939) were essentially confirmed by Monnier (1940 Monnier ( , 1941 Monnier ( , 1942 and by de GutierrezMahoney (1941) , who found degeneration of the posterior fasciculi of the spinal cord, sclerosis, and irreparable atrophy of the nerve cells of the anterior horns and intermedio-lateral columns and slight demyelinization of the dorsal roots and peripheral nerves, but they did not mention the occurrence of any lipoid products in the nervous system of the rats. Monnier agrees with us that the muscular atrophy is a combination of myogenic and neurogenic changes.
Soon, however, the correctness of our results and concepts was seriously doubted by Mason (1942) , and completely denied by Wolf and Pappenheimer (1942) and by Pappenheimer (1943) . The last mentioned authors stated with certainty that, under the experimental conditions obtaining in their laboratory, lesions of the central nervous system did not occur in vitamin E-deficient rats at any age, and they actually regarded our findings as simply due to technical artefacts and misinterpretations. The results and conclusions of Wolf and Pappenheimer were supported by Harvey and Perryman (1944) , and Lecoq and Isidor (1949) , and recently the results and considerations of Einarson and Ringsted (1938) have been seriously criticized by Ruppel (1949) and Markees (1950) , who apparently adhere to the interpretations and criticism of Wolf and Pappenheimer and Mason. I shall not discuss these critical views in the present paper, but merely refer to my recent review of the concepts of the neuromuscular lesions in exp_rimental vitamin-E deficiency (Einarson, 1952) Ringsted, 1938) . But all this was completely overlooked by Wolf and Pappenheimer (1942) , as well as by all the other authors quoted above. Moreover, in their later papers Pappenheimer and his associates (1945, 1946) have completely omitted to consider our earlier findings.
I wish to emphasize that the fluorescent acid-fast products are much more widely distributed in the nervous system of the vitamin E-deficient rats than maintained by Wolf and Pappenheimer and Pappenheimer and Victor, who found them only in the motor cells of the spinal cord and medulla oblongata.
In this paper I have demonstrated that the products in question are distributed practically all over the nervous system (Phases lIl-VI).
Furthermore, the degeneration of the posterior spinal fasciculi and dorsal roots (phase I), as originally reported by Einarson and Ringsted (1938) , has been fully confirmed by Luttrell and Mason (1949) and by Malamud, Nelson, and NEUROMUSCULAR LESIONS IN VIT4MIN E-DEFICIENT RATS Evans (1949) . Apart (1945, 1946) do, that there are no changes whatever to be found in the brain in experimental vitamin-E deficiency.
A The last point (3) might be of great importance in the whole syndrome of the vitamin-E deficient rats, a possibility duly considered by Einarson and Ringsted (1938) , Evans (1940) , and Einarson (1941) , who supposed that a primary injury to the autonomic nervous system might be involved in this particular deficiency. It might be surmised that a disturbance of the balance of autonomic regulations concerned with the vasomotor and metabolic controls of the tissues took place. Actually, the work of Martin (1946) on the action of prostigmine in the nutritional muscular dystrophy of vitamin-E deficiency is in support of this hypothesis. Also, I refer to my recent considerations on this particular point (Einarson 1949 (Einarson , 1952 .
In conclusion, I think it is justifiable to state that vitamin E is essential to the normal health and the structural and functional integrity of the nervous system in the rat. This cannot be a surprise since vitamin E is involved in certain fundamental biological oxidations, and possibly in some phosphorylations as well, although its ultimate physiological action is still obscure. The fact that experimental vitamin-E deficiency produces conspicuous microscopic lesions in many organs and tissues clearly shows that its function in tissue metabolism must be of an almost universal importance in the organism. The idea that the nervous system should escape the injurious effect of experimental vitamin-E deficiency is, in my opinion, incompatible with our present knowledge of the physiology and biochemistry of vitamin E (Einarson, 1952) .
Finally the fluorescent acid-fast products des-cribed in this paper are not to be regarded as something specific for vitamin-E deficiency. Although the products deviate from the usual soluble lipochrome, which stains a brilliant red with scarlet R, they may be observed in human necropsy material, both in the nervous system and elsewhere, more or less mixed with the usual lipochrome substance. Possibly, the commonly occurring lipochrome is a mixture of substances, some of which are fluorescent and acid-fast and relatively insoluble in the usual fat solvents. But, in order to produce such fluorescent and acid-fast products in large amounts in the tissues of animals, experimental chronic vitamin-E deficiency is a most effective and important procedure.
Summary
Neuromuscular lesions, in particular the regular occurrence of deposits of fluorescent, acid-fast products in the nervous system and skeletal muscles of adult rats that have long been kept on a vitamin-E deficient diet, are reported. The findings generally confirm the earlier observation and description by Einarson and Ringsted (1938) of these neuromuscular lesions, and in particular of lipoid products in the nervous system of adult rats in chronic vitamin-E deficiency. Furthermore, it is demonstrated that the nerve cell changes and the acid-fast deposits are far more widely distributed in the nervous system than was previously thought.
A brief account is given of the clinical symptoms displayed by rats, and some remarks on technique.
The histological examination clearly shows that the disease is due to a combination of neurogenic and myogenic lesions as originally maintained by Einarson and Ringsted (1938, 1939) . The lesions consist of degeneration of the dorsal roots and posterior fasciculi of the spinal cord, myogenic changes of the skeletal muscles followed by pronounced changes of the visceral and somatic motor and sensory cells of the spinal cord and brain stem, as well as of the cells of the spinal and cranial ganglia, and gradually features of neurogenic muscular atrophy are superimposed on the earlier myogenic changes. Somewhat later there appear mild changes in the sciatic nerves and marked diffusely distributed cell changes in the central nuclei of the brain and the entire cerebral cortex, followed by mild cell changes in the cerebellum.
Everywhere the changes are highly characteristic of the lipoid products. Besides staining reddishorange with fat stains they are characterized by their relative insolubility in lipoid solvents, their affinity for basic aniline dyes (orthochromatic staining), their acid-fastness when stained by ZiehlNeelsen's carbol. fuchsin, their bright, yellow, primary fluorescence on ultra-violet irradiation, and by the fact that they are left completely unstained by gallocyanin-chromalum, a stoicheiometrical staining reaction for nucleic acids. These properties strongly suggest that we are dealing with a lipoprotein combination (ceroid) which does not contain nucleic acids.
The fluorescent acid-fast products appear as fine, rounded granules or coarsely globular particles, sometimes coalescing to compact masses. They lie in the cytoplasm of the nerve cells, in or about glial cells and histiocytes, and in the walls of the blood vessels, and they occur almost all over the nervous system. In the muscles they lie both inside and outside the muscle fibres. They are regularly absent in controls receiving protective doses of vitamin E.
In the nerve cells the progressive increase of the fluorescent acid-fast substance invariably involves a corresponding decrease in the ribonucleic acid of the cytoplasm until it completely disappears, a cell change accompanied by more or less eccentric displacement, hyperchromatosis, and shrinkage of the nucleus (" cellular lipodystrophy ". The early appearance and marked intensity of this cell change in the autonomic centres of the spinal cord and brain stem is particularly emphasized. The changes must start at a submicroscopic, biochemical level, and their early irreversibility is pointed out.
Fluorescent, acid-fast products comparable with those described in rats may be observed in human necropsy material, more or less mixed with the commonly occurring lipochrome.
